Abstract-The results in this paper are based on a data set containing system demand, wind generation and CO2 emission between Jan 2010 and Sep 2013. The data was recorded at 15 minute intervals and reflects the macroscopic operation of the Republic of Ireland's electrical grid. The data was analyzed by investigating how daily wind generation effected daily CO2 emission across multiple days with equivalent daily demand. A figure for wind turbine efficiency was determined by dividing the CO2 mitigation potential of wind power by the CO2 intensity of the grid; both in units of Tonnes of CO2 per MWh. The yearly wind power efficiency appears to have increased by 5.6% per year, now standing around 90%. Over the four years significant regularity was observed in the profiles of wind turbine efficiency against daily demand. It appears that the efficiency profile has moved in recent years so that maximum efficiency coincides with most frequent demand.
I. INTRODUCTION
T HE wind industry has grown exponentially in the past twenty years, in terms of installed capacity, power generation, personnel and investment. This rapid expansion, in an otherwise highly cautious industry, has led to technical challenges [1] [2] and controversy [3] . The results of this investigation are aimed at engineers and the general public.
From an engineering perspective, both electrical and mechanical, wind turbines are frustrating due to their stochastic operation. Engineers generally improve performance through control and optimization; however the control options for wind turbines are limited and tend to reduce the generation or real power. Consequently engineers are forced to adjust grid parameters in order to accommodate wind power. The electrical grid is a hugely complex machine and any significant adjustment has the potential to seriously disrupt operational procedure and thermal generation efficiency [4] .
The other group that deserves information is the general public whose mandatory financial contributions to the wind industry keep it solvent. At present there is growing public concern about the rising cost of energy and questions are being asked about where money is going, and why [5] . Coupled with this fervent local opposition to new wind farms can arise as residents see little direct benefit from wind turbines and question their efficacy on a large scale. Though there is generally agreement that reducing CO 2 output is a priority, the belief that wind turbines have little or no effect on CO 2 emissions is prevalent [6] ; and hard evidence to the contrary is scant.
This paper focuses exclusively on CO 2 emissions, but hopefully the results are relevant to both groups. CO 2 emissions are directly proportional to environmental damage in terms of climate change. CO 2 has a direct relationship with fossil fuel consumption, though there is significant discrepancy between fuels. The consumption of fuel then has a direct relationship with environmental damage and price (which in Ireland's terms generally means imports). Also, if a global consensus can be reached, there will be a tax on CO 2 emissions and this investigation will reflect direct financial savings.
A direct assessment of the utilization of wind generated electricity is difficult because we have a stochastic generator coupled with a dynamic network. There are model based studies that predict CO 2 savings [7] [8], but there is no substitute for real data. The approach taken in this investigation is to treat the grid as a black box and analyze how wind power and demand affect CO 2 output.
This approach is only possible because accurate data on demand, thermal generation, wind generation and CO 2 emission are available [9] . The idea is that if a large enough set of stochastic data is analyzed the random fluctuations will smooth out and general trends will emerge. The data set analyzed ran from January 2010 to September 2013 and contained over 5 million raw data points. With transformation the data set increased to 28 million data points and the investigation turned into an exercise in data mining.
The data, when reduced down, showed striking regularity year to year and a general upward trend in wind power utilization. In the past four years the utilization of wind power, on the Republic of Ireland (RoI) grid appears to have improved by 5.9% per year, now standing at around 90%. Qualitative results are also given showing the effects of daily demand and daily wind profiles on CO 2 emission.
II. METHODOLOGY

A. Ireland as a Laboratory
The island of Ireland is well suited to studying the effects of intermittent generation on a modern electrical system. Two separate, but synchronized, grids are maintained on the island, but are operated with relatively few major thermal units (18 with a capacity > 225 MW). Sufficient complexity exists to allow for interesting grid dynamics while there are sufficiently few significant variables to keep the problem tractable. Another significant advantage of working on the all-Ireland system is the openness with which the TSOs share their data and their eagerness to modernize the electrical grid.
The lessons learned in Ireland will need to be applied to many larger grids in the near future as they move towards intermittent renewable generation. Although countries such as Denmark, Spain and Portugal have higher wind penetrations, they have a greater potential to export excess wind power or import power to maintain system security. Ireland, on the contrary, must consume its wind generation locally, curtail wind generation where necessary and provide sufficient contingency [10] . In the not too distant future the European, Chinese and North American grids may find themselves in similar circumstances, but on a larger scale.
B. Garnering Data
The data sets used in this project were downloaded from two sources: the EirGrid website [9] and the SEMO website [11] . The data sets were scrutinized for anomalies, the issues resolved and the two sets aligned. For this investigation a data set running from January 1 2010 to September 1 2013 was generated. The data set contained 128,639 rows (at 15 min intervals) and 39 columns of raw data (outlined below).
EirGrid currently publish data on system demand (MW), wind turbine output (MW), CO 2 emission (Tonnes per hour) and CO 2 intensity (g CO 2 per kWh) on the RoI grid. The data on CO 2 emissions and CO 2 intensity starts on November 1, 2011, data on wind generation begins on January 1 2001 and demand data goes back to December 2, 1999 . This time series data is freely available to download as an XML or csv file.
On November 1 2007 the Single Electrical Market Operator (SEMO) was established by the two TSO operating on the island of Ireland. This authority administers the generation and trade of electricity within Ireland as well as internationally (only with the National Grid in Great Britain at present). In the interests of an open market SEMO publish generator output data after trade is finalized, typically three days. The generator data is in 30 minute blocks and in MWh, it was doubled up to align it with the 15 minute EirGrid data.
C. Data Manipulation
If EirGrid data was used analysis could only go back as far as November 1 2011. CO 2 emissions doing back further were calculated from the SEMO data in conjunction with data from the All Ireland Project [12] and general data on CO 2 emissions from fossil fuels [13] . These results were derived in the same way as those given on the EirGrid website and were found to correspond to within 6.26%. A scaling factor of 1.0626 was employed to align the data.
The Pivot Table function within MS Excel was used extensively in the analysis of these data. Pivot Tables allowed this large array to be condensed into meaningful tables, on which the results are based. To appropriately handle this data additional columns were added containing temporal information (year, day...), demand information (daily demand, demand bands) and wind generation information (daily generation, wind generation bins of 1000 MWh).
D. Strategies to Determine CO 2 Mitigation
The simplest method to estimate how much CO 2 is offset by 1MWh of wind generation is to simply plot wind power out, against tonnes of average CO 2 emitted per hour, as is shown and Fig 1. In this case the gradient of the line is CO 2 savings (Tonnes of CO 2 saved per MWh) and the intercept is the amount of CO 2 required to run the system in the absence of wind power.
This method does suggest strongly that 1 MWh of wind energy generated in the RoI offsets the emission of 0.4013 tonnes of CO 2 . This method is unsatisfactory as it is unable to adjust for demand fluctuations and lacks nuance in regards to grid operation, this is a trivial solution. A second method was trialed it utilized a function to give theorized CO 2 output in the absence of wind power. The actual CO 2 output was subtracted from the theorized output and the savings were averaged. This method gave good results, that support those laid out in Section III, but was not deemed as robust as this study.
The major challenge in this investigation is to create independent, dependent and control variables from seemingly stochastic data. Overall daily demand was determined as a control variable, daily CO 2 output was chosen as a dependent variable and daily wind generation was chosen as an independent variable. Daily demand profiles tend to scale up and down while maintaining approximately the same shape. For this reason many days with similar total demands have very similar demand profiles (e.g. Fig 5) and thus can be equated. The same cannot be said for wind generation but the problem can be overcome with statistically significant data sets; these in theory smooth or standardize the wind generation profile. Therefore days with similar total demands and wind generations are amalgamated and their CO 2 outputs averaged. 
E. Determining Cutoffs
Days were equated based on demand and ten demand bands were determined. The upper and lower limits of demand selection were chosen so as to contain a significant contribution from each of the four years and outlying data was omitted. Each band was scaled to contain roughly 8-10% of the values in each year. After the limits were set each band was found to contain between a minimum of 20 and a maximum of 40 days. As only 8 months of 2013 were included the average number of days in each band was 24 with a minimum of 17.
F. Deriving Results
For each of the bands, in each of the four years, a weighted least square line of best fit was plotted, as shown in Fig 2. The linearity in the data across wind production and years lends support to the extrapolation.
Taken from Figure 2 is the ability of wind to offset CO 2 emission from thermal stations e.g. 2010 (top equation) taken to be 0.345 Tonnes.CO 2 /MWh (24h×0.01444 Tonnes/MWh 2 ). An estimate of the CO 2 intensity of the grid at this demand and in the absence wind is also made by dividing the average CO 2 output (1350 Tonnes/h) by the average demand (2805 MWh); giving a carbon intensity of 0.481 Tonnes/h. Finally a wind turbine efficiency is determined by dividing the carbon mitigation intensity of wind power by the carbon intensity of grid generated power, in this circumstance it is 71.7%.
For each year and demand band these calculations were carried out and form the basis of the results.
III. RESULTS
A. Demand v's Wind Energy Efficiency
Shown in Fig 3 is wind turbine efficiency (as defined in II.F) against average daily demand. The first notable results are efficiencies in excess of 100%, particularly notable in 2012 and to a lesser extent in 2013. Distributed generation has always had the potential to achieve this by reducing line loss between supply and demand, but this is probably not the whole story. An efficiency in excess of 100% will be achieved if wind power offsets generation with a CO 2 intensity higher than the grid average (e.g. peaking units); this effect is increased further if wind causes a generator to stop rather than running on part load and more so if it prevents a generator from starting.
It is encouraging that all the plots have a very similar profile, only the lowest value in 2011 bucks the trend. The profiles all move from an initially high efficiency to a minima before moving rapidly to a maxima then dropping rapidly, followed by a slight recovery. This similarity year on year suggests that it is a consequence of the architecture and the dynamics of the grid. It is notable that the minima in 2010 and 2011 coincides with the most frequent daily demand, while it coincides with the maxima in 2012 and 2013. This effect, in conjunction with a general upward trend across the board, contributes significantly to improvements in wind energy utilization. Fig 4 is yearly wind energy efficiency (calculated as a weighted average), general grid efficiency (in the absence of wind) and average wind generation that year. It is interesting to note that there is a spike in CO 2 output from the grid in 2012, but all the other years are strikingly similar. Likewise for average wind generation, 2010 is known as a year of low wind speeds, during this year 9.78% of demand was met by the monitored wind turbines. In contrary to 2010, 2011 is remembered as a year of strong and stable winds and 16.5% of demand was met by the monitored wind turbines. During 2012 and 2013 winds have remained closer to their mean value but wind generation has remained balanced as wind capacity has increased.
B. Yearly Trends
Shown in
It is assumed that both wind production and grid operation will effect wind power utilization. The peaks in efficiency in 2010 and 2012 could be attributed to a slightly lower wind generation profile. If instantaneous wind generation gets too high it appears to have deleterious effects on grid operation (Sec III C). Lessons may also have been learned during 2011 when the TSO and DSO had to accommodate an additional 68.7% of wind generation, in comparison to the previous year. These lessons likely contribute to the strong performance in Fig. 4 . Fig. 4 . This plot shows how the efficiency of wind energy at displacing CO2 emissions has increased in the past four years (top) consideration is also given to fluctuations in Grid CO2 intensity (middle) and wind generation averaged across the year.
2012 and 2013; during these years each MW installed would appear to have offset the emission of 1193 tonnes of CO 2 . The increased CO 2 output by the grid during 2012 is interesting, as the average yearly demand changes by less than 1% between 2011 and 2012. The increase in CO 2 emission could be due to coal or peaking plant replacing the CCGT that supply the majority the RoI's power. If wind energy was displacing peaking plant during 2012 it will have significantly improved CO 2 mitigation and apparent efficiency.
Denny and O'Malley in 2007 [14] predicted that CO 2 output would reduce reasonably linearly ( 1250 tonnes of CO 2 per MW of installed wind power), until an installed capacity of 1500MW was reached on the island of Ireland; this occurred during 2011. They predicted that beyond 1500 MW emission savings per MW installed would reduce (833 tonnes per MW) before dropping to zero at an installed capacity of 2500 MW, the turning point being at 3000 MW. These predictions were based on simulations of the All-Ireland grid and took into account generator cycling; not considered in this investigation. Over the past three years an average CO 2 emission savings of 1134 tonnes per MW of installed wind was determined, the yearly variation being reflected by wind efficiency in Fig 4. The results might suggest that an optimum was hit in 2012. The other interpretation is that wind power has not only offset thermal generation, but has increased in its efficiency at doing so; therefore CO 2 savings (from generator operation) have risen exponentially, not linearly, with installed wind capacity.
A line of best fit has been plotted on Fig 4, it is used as a guide to extrapolate how wind turbine efficiency might increase. The suggestion is that the efficiency of wind turbines at offsetting CO 2 has increased by 5.92% per year for the past four years. If we are bold and extrapolate the line forward we see a potential limit of 100% is reached at the beginning of the second quarter in 2015. If wind capacity, on the island of Ireland, increases at the current rate it will reach 2554 MW at this time. This critical figure of 2500 MW could correlate with Denny and O'Malley's findings.
The data would caution against setting an upper limit on national wind power capacity based on a theoretical optimum.
As can be seen in Fig 4 wind production and grid operation can vary significantly, both of which effect the the optimal wind capacity. Determining an ideal national wind capacity may be more akin to determining an ideal power window when sizing a motor, and operating it may be an art as well as a science.
C. Daily Analysis
Via this filtering process days can be identified that have very similar bulk characteristics, such as demand and wind generation, but discrepancies in CO 2 emission. One such example has been identified and is displayed in Fig 5; the two days shown contributed to a single point in Fig. 2 . Day 1 was a Wednesday in April, on this day 69.1 GWh of energy were consumed on the RoI grid while 12.9 GWh of wind energy were generated. Day 2 was a Thursday in August, on this day 68.0 GWh of energy were consumed and 12.3 GWh of wind energy were generated. The striking difference between these two days is that 0.331 tonnes of CO 2 were required to make an average MWh on Day 1 and 0.460 tonnes were required on Day 2; a difference of 40.0%.
Many grid related factors could contribute to the skew in CO 2 emissions between the two days, however the discrepancy in wind profiles is striking. The bulk of wind generation on Day 2 occurred during the night likely resulting in curtailment; this can have a destabilizing effect on the grid [1] . The high level of wind generation in the morning eliminated the usual spike in CO 2 intensity between 4am and 9am, as generators power up, but CO 2 output remained high. As the day progressed and demand rose, wind generation fell and CO 2 emissions had to rise. The wind profile on Day 1 is almost the reflection of Day2. The low level of wind power during the night is easily accommodated, the grid powered up normally in the morning and as the day continued wind generation rose to cover demand. It is interesting that between 6am and 7am CO 2 intensity was equal, in spite of a 3 fold discrepancy in wind generation.
The two days were selected from the 2013 data as it is the most relevant to the present operation of the grid. The days were also picked from demand band 5, between the local maxima and minima, identifying the cause of this drop in efficiency is of great interest. This approach provides the filtering method necessary to identify such dynamics.
IV. CONCLUSION
A general figure was sought to succinctly represent how effective wind turbines are at mitigating CO 2 emission from thermal power plants. After the method outlined a figure of 88.6% is arrived at for 2013 (January to September). During the previous three years a high of 95.1% (2012) and a low of 72.9% (2010) were calculated. Furthermore over the past three years each MW of installed wind capacity appears to have offset the emission of 1135 tonnes of CO 2 .
As part of the investigation profiles of average daily demand against wind efficiency (at that demand) were created. The four profiles for 2010 through 2013 showed remarkable similarities year to year. Interestingly in 2010 and 2011 a minima of efficiency coincided with the most frequent demand, but in 2012 and 2013 the maxima took its place. This would indicate that strategies to better incorporate wind into the network are working and are sophisticated [1] .
Some of the data was selected to identify days with similar bulk characteristics, in terms of demand and wind generation, but different CO 2 outputs. The days studied suggested that the wind profiles (night time verses day time wind generation) were the main cause.
This investigation has only investigated the impact of wind on CO 2 emission due to operational fuel consumption. This method does not cover CO 2 emissions due to generator cycling, but will be extrapolated from the available data; emissions due to spinning reserve are accounted for
